Research in contextEvidence before this studyEGFR pathway substrate 8 (EPS8) is a crucial molecule that mediates EGFR-induced activation of Akt and ERK. Previous studies have described that EPS8 was overexpressed in leukemia and solid tumors. EPS8 promotes the proliferation and migration of tumor cells *in vivo* and reduces the sensitivity to chemotherapeutic drugs *in vitro*. It has been reported as a new target for anticancer therapy. Forkhead box O 3a (FoxO3a) is a central transcription factor and is reported to coordinate a wide range of functions through binding with its target genes involved in apoptosis, proliferation, cell cycle progression, survival, and DNA damage. Emerging evidences indicate that FoxO3a acts as a tumor suppressor in many cancers and dephosphorylated FoxO3a can inhibit progression of tumor growth in NSCLC. However, the precise regulation mechanism between FoxO3a and EPS8 is not yet clear.Added value of this studyIn the present study, we demonstrated the opposite effects of EPS8 and FoxO3a on the resistance to gefitinib, the migration and invasion abilities, the cell cycle arrest in PC9 cells and the tumor growth in BALB/c nude mice. In addition, the expression of EPS8 and FoxO3a were reverse in NSCLC cell lines and clinical samples. Moreover, we proved that FoxO3a inhibits EPS8 by binding to the activity center of EPS8 gene promoter directly and they could form a negative loop in EGFR induced cascade.Implications of all the available evidenceOur data suggest that the direct inhibition of FoxO3a on EPS8 expression formed a negative loop in EGFR induced cascade. More importantly, the tumor proliferation and growth inhibition induced by EGFR and FoxO3a respectively suggest a dual-core mode in the regulation of cellular life-mechanism. The dual-core mode, two opposing factors negatively regulate each other in the same pathway, will bring us new ideas for drug development, clinical treatment and ERFR-TKI resistance overcoming in NSCLC.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Lung cancer is the leading cause of cancer-related death worldwide, with non-small cell lung cancer (NSCLC) being the most common type \[[@bb0140]\]. Despite surgery, approximately 30% to 40% of patients with NSCLC die of recurrent diseases, possibly due to occult micrometastases beyond the margins of original surgical resection \[[@bb0020]\]. Tumor cell proliferation and metastasis are closely controlled by growth factor signaling pathways. In particular, the well-known PI3K/Akt cascade \[[@bb0085],[@bb0185]\] is activated by binding of epidermal growth factor (EGF) to its receptor to suppress cell apoptosis and promote migration and invasion in cancers \[[@bb0025],[@bb0165],[@bb0265],[@bb0295]\]. Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) are popular cancer treatment agents that target this pathway, but they are often rendered ineffective due to mutations in EGFR \[[@bb0200],[@bb0280]\].

EGFR pathway substrate 8 (EPS8) is a crucial molecule that mediates EGFR-induced activation of Akt and ERK \[[@bb0135]\]. EPS8 significantly increases the expression of local focal adhesion kinase (FAK) and promotes the proliferation and migration of tumor cells *in vivo* \[[@bb0145],[@bb0255],[@bb0330]\]. EPS8 is strongly associated with tumor progression and metastasis \[[@bb0090],[@bb0255]\]. Furthermore, it has been reported that EPS8 reduces the sensitivity to chemotherapeutic drugs in cancer cell lines \[[@bb0045]\].

Forkhead box O 3a (FoxO3a) is a central transcription factor and is reported to coordinate a wide range of functions through binding with its target genes involved in apoptosis \[[@bb0055]\], proliferation \[[@bb0240]\], cell cycle progression \[[@bb0245]\], survival \[[@bb0150]\], and DNA damage \[[@bb0095]\]. FoxO3a is also associated with longevity \[[@bb0345]\], autophagy process \[[@bb0235]\] and oxidative stress \[[@bb0205]\]. Emerging evidences indicate that FoxO3a acts as a tumor suppressor in many cancers, such as gastric \[[@bb0355]\], ovarian \[[@bb0080]\] and prostate \[[@bb0305]\] cancers. FoxO3a is also an important downstream target of PI3K/Akt pathway \[[@bb0300]\]. Activated Akt phosphorylates FoxO3a, causing it to migrate from the nucleus to the cytoplasm and prevent it from binding to the target genes \[[@bb0010]\]. Studies have shown that FoxO3a, depending on phosphorylation, is associated with both cell proliferation and apoptosis in multiple cancers. In particular, dephosphorylated FoxO3a can inhibit progression of tumor growth in NSCLC \[[@bb0075],[@bb0225],[@bb0250],[@bb0270],[@bb0300]\]. However, the precise regulation mechanism between FoxO3a and EPS8 is not yet clear.

EPS8 mediates EGFR-induced activation of Akt \[[@bb0135]\] and FoxO3a is a downstream transcription factor of PI3K/Akt pathway \[[@bb0065]\]. Therefore, we speculate that EPS8 maybe an upstream substrate that controls the activation of FoxO3a. Furthermore, when we transfected PC9 cells (an NSCLC cell line) with FoxO3a, the transcription of EPS8 is decreased, suggesting the presence of a negative control loop. Here, we investigated the impact of FoxO3a on EPS8 and studied the biological functions of FoxO3a and EPS8 on chemo-resistance both *in vitro* and *in vivo*.

2. Materials and methods {#s0025}
========================

2.1. Cell lines, plasmid generation, and infection {#s0030}
--------------------------------------------------

The lung cancer cell lines PC9, A549, H1975, H1299 and H358 were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; HyClone, Thermo Fisher, USA) containing 0.1 mM sodium pyruvate, 10% FBS, 2 mM [l]{.smallcaps}-glutamine, 100 IU/ml penicillin, and 100 μg/ml streptomycin at 37 °C in a chamber (5% CO~2~ atmosphere). Cells (2 × 10^6^/per well) were seeded in 6-well plates and transfected with 4 μg of the pEGFP-N1 (control), pEGFP-FoxO3a or pEGFP-EPS8, 5 μl of si-FoxO3a or si-EPS8 (Ribobio, China) using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) in antibiotic-free medium. After 48 h, the transient cells were collected for further experiments.

2.2. Human NSCLC samples {#s0035}
------------------------

This study was performed according to an established protocol approved by the Ethics Committee of Zhengzhou University School. The data does not contain any information that may lead to the identification of the patients. Lung adenocarcinoma tissue microarrays (HLug-Ade150Sur-02; Shanghai Outdo Biotech) were constructed with 75 formalin fixed, paraffin-embedded lung adenocarcinoma tissues and their corresponding adjacent lung tissues. Immunohistochemical staining was performed to detect the expression of FoxO3a and EPS8 in NSCLC tissues and matched non-cancerous tissues. Scoring was measured by the percentage of positive cells with the following staining intensities: \<25% scored "0"; 25--50% scored "1"; 51--75% scored "2"; and \>75% scored "3".

2.3. Reverse transcription and real-time PCR {#s0040}
--------------------------------------------

Primers specific for FoxO3a and EPS8 were obtained from Sango Biotech (Shanghai, China). Real-time PCR was performed using a StepOnePlus Real-time PCR system with FoxO3a or EPS8 primers and DNA templates and ROX Reference Dye (Takara, Japan). Values represent the average of three independent experiments, normalized to the endogenous control gene β-actin.

2.4. Cell proliferation assay {#s0045}
-----------------------------

Lung cancer cells (2 × 10^3^ cells) were cultured in 96-well flat-bottomed microtiter plates supplemented with DMEM containing 10% heat-inactivated FBS, 100 IU/ml penicillin, 100 μg/ml streptomycin in a humidified atmosphere with 95% air and 5% CO~2~ at 37 °C. Cell viability was determined with the MTT (methyl thiazolyl tetrazolium) assay (absorbance read at 570 nm), and cell viability is expressed as a percentage of viability measured for the relevant control cells.

2.5. Western blotting {#s0050}
---------------------

The detailed procedure for western blot has been well described \[[@bb0035]\]. The dilution of all the human antibodies that purchased from Abcam (Abcam, UK) were listed as followed: anti-Akt antibody (1:2000; Cat. ab179463), anti-FoxO3a antibody (1:2000; Cat. ab53287), anti-ERK1/2 antibody (1:2000; Cat. ab184699), anti-EPS8 antibody (1:2000; Cat. ab 124,882), anti-GAPDH antibody (1:5000; Cat. ab181602), anti-p-Akt antibody (1:2000; ab183758), anti-p-Erk1/2 antibody (1:5000; Cat. ab76299), anti-p-FoxO3a antibody (1:3000; ab154786), anti-CyclinD1 antibody (1:10000; ab134175), anti-Bcl-2 antibody (1:1000; ab32124), anti-CD44 antibody (1:5000; ab51037), anti-CD31 antibody (1:10000; ab76533). Proteins were separated by SDS-PAGE transferred to a transfer membrane (Immobilon, Germany) that was then subjected to western blot with an appropriate primary antibody. Anti-rabbit IgG conjugated to horseradish peroxidase was used as the secondary antibody for detection using an ECL western blot detection system (GE Healthcare, Little Chalfont, UK).

2.6. Flow cytometry {#s0055}
-------------------

Cells (5 × 10^5^) were seeded onto 6 cm dishes and cultured at 37 °C for 24 h. The cell pellets were washed twice with PBS and fixed overnight with 70% ethanol at 4 °C. After centrifugation at 200 ×*g* for 5 min, the cell pellets were washed with PBS to remove any residual ethanol. Finally, the cells were resuspended in 420 μl of the solution containing 20 μl RNase A and incubated at 37 °C for 30 min. The cells were filtered through a 40 μm nylon mesh before flow cytometry analysis of cell-cycle distribution using a MACS Quant Analyzer 10 (Miltenyi Biotec, Germany).

2.7. Migration/invasion assay {#s0060}
-----------------------------

Cells were trypsinized and collected from culture dishes. 5 × 10^4^ cells were seeded on 24 well modified Boyden chambers coated with Matrigel (Corning, New York, U.S. 1 mg/ml) without serum for invasion or without Matrigel for migration. The chambers were then put on 24-well plate contained DMEM plus 20% FBS for 12 h at 37 °C in a humidified atmosphere containing 5% CO~2~. The migrated or invaded cells on the lower surface of membrane were fixed, stained, and counted under a microscope.

2.8. Xenograft tumor formations {#s0065}
-------------------------------

All mice were supplied by the animal facility at the Beijing Vital River Laboratory Animal Technology, Beijing, China. Ethics approval was obtained for the use of animals, and all experiments were performed in accordance with the guidelines for animal care of the Institutional Animal Care and Use Committee of Zhengzhou University. Six-week-old female immunodeficient nude mice (BALB/c, nu/nu) were injected with PC9/pEGFP-N1 (control), PC9/pEGFP-FoxO3a, PC9/pEGFP-EPS8, PC9/si-FoxO3a or PC9/si-EPS8 cells at the right axilla (2 × 10^6^ cells in 0.1 ml of PBS). The sizes of tumors of each mouse were measured every 3 days. After 21 days, mice were sacrificed by CO~2~ asphyxiation. The volume and weight of tumors of each mouse were measured.

2.9. Dual luciferase reporter assays {#s0070}
------------------------------------

The 2000 bp EPS8 promoter region was found on the website e!Ensembl and was verified on NCBI. The putative binding sites of FoxO3a on the promoter of EPS8 were predicted by <http://jaspar.genereg.net>/. The EPS8 promoter region (−1336\~ − 20), (−837\~ − 20) or (−382\~ − 20) was cloned into plasmid pEZX-PG04 (GeneCopoeia, USA) to produce the recombinant vector, which contains the Gaussia Luciferase (GLuc) open reading frame under the control of the SV40 promoter. The second reporter gene is Secreted Alkaline Phosphatase (SEAP) as the negative control, which could standardize transfection. The GLuc/SEAP activity ratio of each sample was measured in the Secrete-Pair Dual Luminescence Assay system (GeneCopoeia, USA).

2.10. ChIP {#s0075}
----------

ChIP assay was performed using the kit from Thermo Fisher Scientific following the manufacturer\'s procedure. In brief, cells were fixed with 1% formaldehyde, washed, and lysed. These cell lysates were diluted with immunoprecipitation buffer and then share DNA to an average size of 500 bp with micrococcal nuclease. Protein--DNA complexes were precipitated with either nonimmune IgG or target protein FoxO3a (1:100; Abcam) overnight at 4 °C with rotation. After reverse cross-link of protein--DNA complexes to free DNA, real-time RT-PCR was performed to analyze. The primer sequence is shown below:

EPS8 primer (Forward primer:5'GCAGTTGGGAGACTCTCAGG3', 1553--1572 bp; Reverse primer: 5'AGAGGAGGAAGACGAAGGCT3', 1848--1867 bp).

2.11. Nuclear translocation {#s0080}
---------------------------

PC9 cells, transfected with GFP-FoxO3a were cultured in DMEM supplemented with 5% FBS for 24 h. Then the medium was changed to serum-free DMEM and cultured for 2 h before adding EGF. Images were captured by inverted fluorescence microscope under excitation light (490 nm for GFP-FoxO3a) before and 2 h after serum-starvation. Two hours after EGF (100 ng/ml) stimulation, cells were stained with Hoechst 33342 and captured again under different excitation light (490 nm for GFP-FoxO3a and 360 nm for nucleus stained by Hoechst), respectively. The merged images are shown on the right column (original magnification, 400×).

2.12. Statistical analyses {#s0085}
--------------------------

Statistical significance of the experimental data grouped by one variable was assessed by the unpaired two-tailed Student\'s *t*-test, one-way ANOVA, or Pearson\'s *χ*^2^ test as appropriate. All statistical analyses were performed using Prism 6 (GraphPad Software, Inc., CA, USA). A value of *P* \< .05 was considered to indicate statistical significance.

3. Results {#s0090}
==========

3.1. Expression of FoxO3a is associated with gefitinib resistance in NSCLC {#s0095}
--------------------------------------------------------------------------

High *EGFR* gene copy number is an effective molecular predictive marker for gefitinib sensitivity in patients with advanced NSCLC \[[@bb0370]\]. To study the relationship between FoxO3a expression and gefitinib resistance, we examined FoxO3a expression by immunohistochemical (IHC) staining and detected the amplification of *EGFR* by fluorescence *in situ* hybridization (FISH) in tumor tissues from 75 patients with NSCLC. A high *EGFR* gene copy number is defined as ≥4 copies in ≥40% of cells \[[@bb0320]\]. The patients with high *EGFR* gene copy number were defined as EGFR positive group, and the others were defined as EGFR negative group.

The staining intensity of FoxO3a in the nucleus was stronger than in cytoplasm in tumor tissues ([Fig. 1](#f0005){ref-type="fig"}a). In this study, the proportion of patients with low expression of FoxO3a in the EGFR negative group (88%, *n* = 42) was more than that in the EGFR positive group (64%, *n* = 33) (Student\'s *t*-test*, P* \< .01) ([Fig. 1](#f0005){ref-type="fig"}b). For the high *EGFR* gene copy number, an effective biomarker of EGFR-TKI sensitivity \[[@bb0070]\], we speculate that the low expression of FoxO3a is associated with EGFR-TKI resistance. To verify this hypothesis, we tested the inhibitory profile of gefitinib *in vitro* using PC9 cells \[[@bb0015]\]. As shown in [Fig. 1](#f0005){ref-type="fig"}c, following transfection of pEGFP-FoxO3a vector or si-FoxO3a, the small interfering RNA (siRNA) for FoxO3a in PC9 cells, we tested the response of PC9 cells to gefitinib. Compared with the empty vector group (IC~50~ = 182.40 ± 25.89 nM), FoxO3a overexpression significantly enhanced the concentration-dependent inhibition of gefitinib on PC9 cells (IC~50~ = 0.62 ± 0.10 nM) (Student\'s *t*-test, *P* \< .01), while FoxO3a siRNA dramatically reduced the inhibition rate by increasing the IC~50~ value of gefitinib from 107.87 ± 13.87 nM to 4331.67 ± 992.56 nM (Student\'s t-test, *P* \< .01). These results reminded us that the lower FoxO3a expression may be related to EGFR-TKI resistance *in vivo* and *in vitro*.Fig. 1The lower FoxO3a expression is associated with gefitinib resistance in NSCLC *in vivo* and *in vitro*. (a) IHC staining scores ranged from 0 to 3, divided into four orders of magnitude, representing the positive expression level of FoxO3a in NSCLC patients. 0--1 represents FoxO3a low expression, 2--3 represents FoxO3a high expression, scale = 100 μm. (b) The patients were divided into two groups according to the EGFR amplification detected by FISH (EGFR positive, *n* = 33; EGFR negative, *n* = 42) and statistics the FoxO3a low expression (gray bars) and high expression (black bars) patients in each group accounted for the proportion. *P*-values were calculated using the independent Student\'s *t*-test. \*\**P* \< .01, scale = 50 mm. (c) PC9 cells were treated with indicated concentrations of gefitinib; cell viability was measured by MTT assay. Data is expressed as a percentage of the corresponding control value, which was set at 100%. Data is presented as the mean ± SD of three independent experiments. *P*-values were calculated using the independent Student\'s t-test. \*\**P* \< .01.Fig. 1

3.2. Phosphorylation and translocation of FoxO3a induced by EGF {#s0100}
---------------------------------------------------------------

To understand the role of EGF and FoxO3a phosphorylation in the PI3K/Akt pathway, we treated PC9 cells with different concentrations of EGF (0, 12.5, 25, 50 ng/ml) and for different amounts of time (0, 5, 10, 20 min). The phosphorylated proteins were determined by western blot. As shown in [Fig. 2](#f0010){ref-type="fig"}a, serum starvation reduced the phosphorylation of Akt, ERK and FoxO3a to baseline in 60 min in a time-dependent manner. EGF (50 ng/ml) induced the phosphorylation of Akt, ERK and FoxO3a in time- and dose-dependent manner. In PC9 cells, serum starvation dephosphorylates FoxO3a, causing its translocation into the nucleus, while EGF induced phosphorylated FoxO3a to translocate from nucleus to cytoplasm ([Fig. 2](#f0010){ref-type="fig"}b). We also showed that the phosphorylation of FoxO3a induced by EGF (50 ng/ml, 20 min) could be blocked by gefitinib (1000 nM, 10 min) and LY294002 (50 μM, 30 min), an inhibitor of phosphoinositide 3-kinase (PI3K), but not PD98059 (50 μM, 30 min), an ERK inhibitor ([Fig. 2](#f0010){ref-type="fig"}c). These results suggested that the phosphorylation and translocation of FoxO3a could be induced by EGF.Fig. 2EGF induces FoxO3a phosphorylation and translocation. (a) Serum starvation reduced the phosphorylation of Akt, ERK and FoxO3a in a time-dependent manner. EGF induced the phosphorylation of Akt, ERK and FoxO3a in time- and dose-dependent manner, and to peak in 20 min with 50 ng/ml. Data is presented as the mean ± SD of three independent experiments. *P*-values were calculated using the one-way ANOVA. \**P* \< .05, \*\**P* \< .01. (b) Serum starvation reduced the percentage of FoxO3a-GFP located in the cytoplasm in a time-dependent manner. EGF induced the percentage of FoxO3a-GFP located in the cytoplasm in a time-dependent manner, scale = 40 μm. (c) The phosphorylation of FoxO3a induced by EGF could be blocked by gefitinib and PI3K/Akt inhibitor LY294002 but ERK inhibitor PD98059. Data is presented as the mean ± SD of three independent experiments. *P*-values were calculated using the one-way ANOVA. \**P* \< .05, \*\**P* \< .01 *versus* control.Fig. 2

3.3. FoxO3a inhibits EPS8 expression in NSCLC cell lines {#s0105}
--------------------------------------------------------

In PC9 cells with overexpressed or silenced FoxO3a, we detected the expression of CD31, CD44, CyclinD1, Bcl-2 and EPS8, which are closely related to the development of the tumor \[[@bb0120],[@bb0210],[@bb0260],[@bb0315],[@bb0365]\]. It is noteworthy that when we transfected si-FoxO3a, the expression of EPS8 increased; while the expression of EPS8 was down-regulated when FoxO3a was overexpressed ([Fig. 3](#f0015){ref-type="fig"}a). Furthermore, the level of EPS8 mRNA was significantly lower in PC9 cells with FoxO3a overexpression than that in cells with p-EGFP-N1 transfected as the negative control ([Fig. 3](#f0015){ref-type="fig"}b) (Student\'s *t*-test, *P* \< .05). These results suggest that the inhibition of FoxO3a on EPS8 occurred during the process of transcription.Fig. 3FoxO3a reduces EPS8 expression in PC9 cells. (a) Western blot assays revealed that FoxO3a overexpression decreased the expression of EPS8 in the PC9 cell. The expression of EPS8 is up-regulated when transfected with FoxO3a siRNA. GAPDH is an internal reference. (b) When FoxO3a overexpressed, EPS8 mRNA changes were detected by the RT-PCR method, using the formula 2^-ΔΔCt^ to calculate the relative multiple changes. *P*-values were calculated using the independent Student\'s *t*-test. \**P* \< .05. (c) Western blot analysis showed that the protein content of FoxO3a in PC9 cells was higher than that in NSCLC resistant cell lines (A549, H1975, H1299, H358), while the EPS8 protein was higher in NSCLC resistant cell lines than PC9 cells. *P*-values were calculated using the one-way ANOVA. \**P* \< .05, \*\**P* \< .01 *versus* PC9. (d) Subsequent high expression and silencing of EPS8 revealed that EPS8 promoted the tolerance of PC9 cells to gefitinib by MTT method. Data is presented as the mean ± SD of three independent experiments. *P*-values were calculated using the independent Student\'s t-test. \*\**P* \< .01 *versus* control.Fig. 3

A549, H1975, H1299, H358 are all NSCLC cell lines that resistant to EGFR-TKIs. Results of western blotting detection showed the levels of EPS8 expression in A549, H1975, H1299 and H358 cells were significantly higher than that in PC9 cells ([Fig. 3](#f0015){ref-type="fig"}c) (ANOVA, *P* \< .01) while the expression of FoxO3a is exactly the opposite in the several cells compared with PC9 cells (ANOVA, *P* \< .01). Subsequently, results of MTT assay showed that compared with empty vector group (IC~50~ = 182.40 ± 25.89 nM) overexpression of EPS8 significantly decreased the sensitivity (IC~50~ = 4472.0 ± 261.51 nM) (*P* \< .01), while EPS8 siRNA transfection increased the sensitivity to gefitinib in PC9 cells (IC~50~ = 8.53 ± 0.40 nM), compared with NC group (IC50 = 107.87 ± 13.87 nM) (Student\'s *t*-test, *P* \< .01) ([Fig. 3](#f0015){ref-type="fig"}d). These results suggest that EPS8 plays an important role in resistance to EGFR TKIs and is regulated by FoxO3a in the transcription process.

3.4. Effects of FoxO3a and EPS8 on cell migration, invasion and cycle arrest {#s0110}
----------------------------------------------------------------------------

By western blotting, we examined the effect of FoxO3a and EPS8 on each other\'s expression in PC9 and H1299 cells. The expression of FoxO3a was not changed by up- or down-regulation of EPS8, while the EPS8 expression changed significantly compared with si-NC and NC vector transfection respectively when we silenced or overexpressed FoxO3a. The results showed that FoxO3a negatively regulated the expression of EPS8. Besides, the expression of phosphorylated FoxO3a was affected significantly by EPS8, which indicated that EPS8 could regulate the activation of FoxO3a and acts though it. ([Fig. 4](#f0020){ref-type="fig"}a).Fig. 4FoxO3a and EPS8 affect the biological functions of PC9 cells. (a) The expression of FoxO3a and EPS8 was detected by western blot in PC9 and H1299 cells. *P*-values were calculated using the one-way ANOVA. \**P* \< .05, \*\**P* \< .01. (b) Transwell assay was used to detect the migration and invasion of cells when transfected with different genes. (c) AnnexinV/PE data suggests that FoxO3a significantly induced PC9 cells apoptosis while EPS8 has the effect of inhibiting apoptosis by Flow Cytometry. 8000 cells were counted for each sample detection. The lower right quadrant (Q3) and the upper right quadrant (Q2) represent the rates of early apoptosis and late apoptotic, respectively. (d) The percentages of cells in the G0/G1, S and G2/M phases of the cell cycle were counted and analyzed using Modifit. Data is presented as the mean ± SD of three independent experiments. *P*-values were calculated using the independent Student\'s t-test. \**P* \< .05, \*\**P* \< .01 *versus* NC/si-NC.Fig. 4

We used transwell assay and flow cytometry to detect changes in migration, invasion, apoptosis, and cycle arrest of PC9 cells during altered FoxO3a and EPS8 expression. The results showed that the migration and invasion abilities were decreased in PC9 cells with either pEGFP-FoxO3a or siRNA-EPS8 transfection, while both siRNA-FoxO3a and pEGFP-EPS8 transfections enhanced these abilities in PC9 cells ([Fig. 4](#f0020){ref-type="fig"}b). In addition, the apoptotic rates of PC9 cells after overexpressing FoxO3a or silencing EPS8 increased from 8.59% to 12% and 22.6% respectively, while those rates decreased to 6.05% and 4.92% respectively compared with the control group when silencing FoxO3a or overexpressing EPS8 ([Fig. 4](#f0020){ref-type="fig"}c).

Moreover, cell cycle analysis demonstrated that silencing EPS8 or overexpressing FoxO3a induced cell cycle arrest at the G1 phase and enhanced the proportions of cells in G1 phase from 52.69% (control group cells were transfected with the empty vector，pEGFP-N1) to 62.44% and 75.24% respectively. While silencing FoxO3a or overexpressing EPS8 reduced the cells proportions in G1 phase to 43.59% and 42.30% respectively compared with 52.69% of the control group ([Fig. 4](#f0020){ref-type="fig"}d). The results suggest that FoxO3a inhibits tumor motility, promotes apoptosis, and induces cell cycle arrest. These functions are the opposite to those of EPS8.

3.5. Roles of FoxO3a and EPS8 in tumor growth *in vivo* {#s0115}
-------------------------------------------------------

To explore the roles of FoxO3a and EPS8 in tumor growth *in vivo*, PC9 cells transfected with pEGFP-FoxO3a, siRNA--FoxO3a, pEGFP-EPS8 and siRNA-EPS8 were injected into six weeks old BALB/c female nude mice ([Fig. 5](#f0025){ref-type="fig"}a). Mice in the negative control group were injected PC9 cells transfected with pEGFP-N1.Fig. 5FoxO3a and EPS8 affect tumor growth in BALB/c nude mice. Six-week-old female BALB/c nude mice were used to examine tumorigenicity. PC9 cells were highly expressed by transfection of FoxO3a and EPS8 genes and silenced by siRNA, transfected into empty plasmid PC9 cells as the control. 1 × 10^6^ cells in 0.1 ml normal saline were injected subcutaneously into the right flanks of nude mice followed by measurements tumor volumes with the slide caliper at 3-day intervals by the formula: volume = (short diameter)^2^ × (long diameter)/2. At 21 days after inoculation, the mice were killed and the tumor weights were weighted. (a) and (b) Typical features of tumoral nodules in nude mice. (c) Tumor growth curve. (d) Tumor weight. Data is expressed as the mean ± SD. *P*-values were calculated using the one-way ANOVA. (\* *P* \< .05, \*\* *P* \< .01 *versus* Control group, *n* = 6/group).Fig. 5

Compared with the mean volume of tumors in the control group (380 ± 25 mm^3^), the tumor average mean volumes in si-FoxO3a and EPS8 groups were increased (541 ± 62 mm^3^, *P* \< .05; 826 ± 82 mm^3^, *P* \< .01, ANOVA) while those in FoxO3a and siRNA-EPS8 groups were decreased significantly (216 ± 18 mm^3^, *P* \< .05; 249 ± 35 mm^3^, *P* \< .01, ANOVA) ([Fig. 5](#f0025){ref-type="fig"}b and c). As shown in [Fig. 5](#f0025){ref-type="fig"}d, compared with the control group (0.28 ± 0.04 g), the tumor mean weights of EPS8 group and si-FoxO3a group were increased significantly (0.44 ± 0.06 g, *P* \< .01; 0.61 ± 0.11 g, *P* \< .01, ANOVA); the tumor mean weights of FoxO3a group and si-EPS8 group were decreased (0.10 ± 0.02 g, *P* \< .05; 0.16 ± 0.03 g, *P* \< .05, ANOVA). Therefore, these results showed that FoxO3a overexpression and EPS8 downregulation could inhibit the tumor growth *in vivo* remarkably.

3.6. The relationship between FoxO3a and EPS8 in clinical samples {#s0120}
-----------------------------------------------------------------

To investigate the relationship between FoxO3a and EPS8 in tissues from NSCLC patients, we measured the expression levels of FoxO3a and EPS8 by IHC staining. The degree of EPS8 expression was graded as shown in [Fig. 6](#f0030){ref-type="fig"}a. The ratio of patients with high EPS8 expression in EGFR positive group is significantly lower than that in EGFR negative group (24%, *n* = 33 *vs.* 57%, *n* = 42). When we separated these patients into two groups according to FoxO3a expression, we found there were 27 patients who had high-expression EPS8 in the low-FoxO3a group (*n* = 58). The ratio was significantly higher than that in the high-FoxO3a group (47% *vs.* 29%, *P* \< .01, Student\'s *t*-test, [Fig. 6](#f0030){ref-type="fig"}c). The average value of H-scores of FoxO3a in tumor tissues (H-scores = 32) was significantly lower than that in para-carcinoma tissues (H-scores = 88) (Student\'s t-test, *P* \< .01). While the H-scores of EPS8 in tumor tissues (H-scores = 104) was higher than that in para-carcinoma tissues (H-scores = 69) (Student\'s t-test, *P* \< .01) ([Fig. 6](#f0030){ref-type="fig"}d). These results suggest that the expression of EPS8 is negatively correlated with FoxO3a in both tumor and para-carcinoma tissues.Fig. 6Expression of FoxO3a and EPS8 in clinical tissue samples. (a) IHC staining scores ranged from 0 to 3, divided into four orders of magnitude, representing the positive expression level of EPS8 in lung cancer samples. 0--1 represents EPS8 low expression, 2--3 represents EPS8 high expression, scale = 100 μm. (b) Comparison the differences of H&E staining, FoxO3a and EPS8 expression between cancer and para-carcinoma tissue of the same patient, scale = 1000 μm. (c) The left histogram represents the proportion of EPS8 overexpression (black bars) and low expression (gray bars) in EGFR positive group (*n* = 33) and EGFR negative group (*n* = 42). The right histogram represents the proportion of EPS8 in FoxO3a low expression group (*n* = 58) and high expression group (*n* = 17). Data is presented as the mean ± SD. *P*-values were calculated using the independent Student\'s t-test. \*\**P* \< .01. (d) EPS8 and FoxO3a in patients with cancer and para-carcinoma to the H-score situation. Data is presented as the mean ± SD. *P*-values were calculated using the independent Student\'s t-test. \*\**P* \< .01.Fig. 6

3.7. FoxO3a inhibits EPS8 expression directly {#s0125}
---------------------------------------------

Promoter sequence analysis in *EPS8* gene revealed 3 consensus binding sequences of FoxO3a within 1500 bp upstream of the transcription start site (sequence I: 5′-TTGTTTGC-3′, location: −289 to −281; sequence II: 5'-CAGTTTAC-3′, location: −401 to −394; sequence III: 5′-GTAAATAT-3′, location: −1042 to −1035) ([Fig. 7](#f0035){ref-type="fig"}a). To further confirm the inhibition of FoxO3a on EPS8, we employed the luciferase reporter assay system to determine the activity center in the *EPS8* promoter region. The results showed that when the inserted promoter fragment changed from −837 to −382, the GLuc/SEAP activity ratio decreased significantly (Student\'s t-test, *P* \< .05). We suspected that this area might be the activity center of the *EPS8* promoter ([Fig. 7](#f0035){ref-type="fig"}a).Fig. 7FoxO3a directly binds to the promoter region of *EPS8*. (a) Predicted binding sites and sequences to FoxO3a in *EPS8* promoter region. Schematic description of serial deletion reporter constructs of the *EPS8* promoter cloned into the pEZX-PG04 vector and the luciferase activity was measured by the dual luciferase reporter assay. (b) ChIP was used to capture the downstream target gene. Normal rabbit IgG was used as a negative IP control, data is presented as fold enrichment of the FoxO3a antibody signal *vs.* the negative control IgG, calculated using the 2% × 2^(C\[*T*\]Input\ Sample--\ C\[*T*\]IP\ Sample)^ method. The results were also analyzed by PCR and 1% agarose gel electrophoresis. *P*-values were calculated using the independent Student\'s t-test. \**P \<* .05, \*\**P* \< .01.Fig. 7

Then we performed the chromatin immunoprecipitation (ChIP) assay to further confirm whether FoxO3a can bind to this area directly. Quantitative PCR reactions were performed and the respective Ct values were obtained. ChIP enrichment efficiency was calculated according to the following formula: Percent Input = 2% × 2 ^(C\ \[T\]\ Input\ Sample-C\ \[T\]\ IP\ Sample)^ and compared with the enrichment factor of FoxO3a in the same primer amplification group. As shown in [Fig. 7](#f0035){ref-type="fig"}b, anti-FoxO3a antibody, but not the control IgG, specifically immunoprecipitated the promoter region (−448 to −309, containing the sequence II: 5'-CAGTTTAC-3′, location: −401 to −394) of the *EPS8* gene. The results demonstrate that FoxO3a binds to the activity center of *EPS8* gene promoter directly.

4. Discussion {#s0130}
=============

In this work, our results show the opposite effects between FoxO3a and EPS8 in tumorigenesis, metastasis and chemoresistance in NSCLC. We have observed the expression trend of EPS8 is inversely related to FoxO3a in clinical samples and cell lines. Moreover, we have verified FoxO3a inhibited the transcription of *EPS8* by binding to its promoter directly.

EPS8 is a skeletal protein that accumulates in F-actin microfilaments and filopodia of cells. As a substrate of EGFR, EPS8 activates Akt, ERK and other signaling proteins and regulates the functions involved in proliferation and migration, *in vivo* and *in vitro* \[[@bb0180],[@bb0215],[@bb0220],[@bb0365]\]. FoxO3a, one of the downstream targets of Akt, plays roles in tumorigenesis, metastasis and chemotherapy resistance in multiple cancers, particularly in NSCLC, through its target genes, such as TRAIL, PUMA, FasL and BIM \[[@bb0065],[@bb0125],[@bb0130],[@bb0195],[@bb0300],[@bb0310],[@bb0360]\]. EPS8 and FoxO3a are both crucial molecules in EGFR signaling and play roles in transmitting signals and regulating transcription \[[@bb0050],[@bb0105],[@bb0180],[@bb0285],[@bb0325],[@bb0340]\].

In the present study, we verified *EPS8* is a new target gene of FoxO3a and demonstrated the opposite effects of EPS8 and FoxO3a on the resistance to gefitinib, the migration and invasion abilities, the cell cycle arrest in PC9 cells and the tumor growth in BALB/c nude mice. In addition, we explored the relationship between EPS8 and FoxO3a in clinical samples. Unlike other targets, *EPS8* transcription is inhibited by the binding of FoxO3a to the activity center in its promoter region. Due to the strong oncogenic role of EPS8, we speculate that the suppression of FoxO3a in cancer is at least partially achieved by reducing EPS8 expression.

It is generally believed that transcription factors promote or inhibit target gene transcription by binding to the promoter and studies show that FoxO3a acts the same way. For example, FoxO3a directly activates the bim promoter *via* two conserved FoxO binding sites and mutation of these sites abolishes bim promoter activation after NGF withdrawal in sympathetic neurons \[[@bb0110]\]. Besides, it is also reported that histone deacetylase 2 (HDAC2) can form a complex with FoxO3a and inhibit the transcription of a certain target gene of FoxO3a \[[@bb0275]\]. Our future work will examine whether FoxO3a regulates EPS8 expression by binding to deacetylases or methylases or by other mechanisms. However, what deserves our more attention is that the negative loop formed by FoxO3a and its upstream molecule EPS8 and the significance of this negative loop in tumorigenesis and antitumor drug development.

There is no doubt that EGFR is the key point to activate the entire PI3K/Akt signaling pathway, the important tumorigenesis and chemoresistance cascade. Therefore it is not surprising that dozens of monoclonal antibodies (mAbs) and small-molecule tyrosine kinase inhibitors (TKIs) have been designed and developed over the past few decades and a few of them are being used in clinical targeted therapies \[[@bb0115],[@bb0155]\]. Compared with traditional chemotherapy drugs, the EGFR-target therapy broadens treatment options especially in NSCLC and improves the survival and safety. EGFR remains the "core" in the study of tumor growth and chemotherapy due to its downstream activation of multiple signal pathway including mTOR/STAT3 and Ras/ERK, although gene mutation eventually leads to resistance to every generation of agents \[[@bb0335]\].

Researchers have classified the resistance to EGFR TKI as "on target" and "off-target". "On target" means the resistance is mainly caused by the primary drug target variation. "Off-target" resistance refers to the activation of parallel signaling pathways \[[@bb0290]\]. PI3K/Akt, which is involved in both "on target" and "off-target" resistance mechanisms, is frequently hyperactivated in human cancers and is targeted for cancer therapy. The activation of PI3K/Akt pathway promotes tumor growth at least partly by inhibiting the role of FoxO3a. FoxO3a is well known as a transcription factor playing roles in differentiation \[[@bb0005]\], apoptosis \[[@bb0170]\], and DNA damage repair \[[@bb0030]\]. In the present study, we showed that FoxO3a, the downstream molecule of PI3K/Akt pathway, inhibits the expression of EPS8, the upstream signaling protein by directly binding to the *EPS8* gene promoter. Through EPS8, the signal pathways of inhibition and promotion are connected to form a negative regulatory loop. This negative loop bypasses EGFR and reduces the activities of PI3K/Akt pathway. So, it might affect the EGFR-TKI resistance in both "on target" and "off-target". Therefore, FoxO3a may be the other "core" in signaling net of resistance to EGFR TKIs. The "dual cores", EGFR and FoxO3a, negatively regulate each other in growth factor signaling network to maintain the physiological and biochemical functions of cells.

The Yin-Yang balance theory, which is used in many life science fields to explain the relationship between two opposing factors in the same system \[[@bb0100],[@bb0190]\], is also suited to the relationship between EGFR and FoxO3a. EGFR initiates the signal of "Yang" such as proliferation and growth, and FoxO3a mediates the signal of "Yin" such as differentiation and growth inhibition. The "dual cores" regulate the balance of the normal survival and apoptosis of lives through the balance of "Yin" and "Yang". "Yin" and "Yang" oppose each other but are also interdependent \[[@bb0350]\]. Therefore, through the function of FoxO3a, we can perhaps find a new solution for resistance to EGFR TKIs in NSCLC ([Fig. 8](#f0040){ref-type="fig"}).Fig. 8Negative regulation between FoxO3a and EPS8 in EGF/PI3K/Akt pathway. EGF and its receptor conduct signal into the cell and EPS8 active PI3K/Akt pathway to phosphorylate FoxO3a. The phosphorylated FoxO3a translocate from the nucleus into the cytoplasm of the cell and loses its regulation of apoptosis, differentiation and DNA repair. In the nucleus, FoxO3a combines with the core promoter region of *EPS8* and directly inhibits EPS8 expression, which forms a new negative loop of EGFR signaling pathway.Fig. 8

Many researchers have verified FoxO3a as an inhibiting factor playing negative feedback roles in various tumors and other diseases \[[@bb0040],[@bb0060],[@bb0065],[@bb0160],[@bb0175],[@bb0230]\]. In most of their conclusions, FoxO3a plays indirect roles, usually by regulating the target genes and micro RNA. In this study, we verified FoxO3a directly inhibited the production of EPS8, the key protein in carcinogenesis signaling. In other words, the promotion of EGFR and the inhibition of FoxO3a are achieved through the same signaling loop. Compared with EGFR, we have not paid enough attention to FoxO3a, although many advances have been made in the research of FoxO3a as an anti-tumor target.

Cell membrane receptors acting as the initiating factors and transcription factors acting as terminal elements are widespread in cell signaling networks. Whether there are other "dual cores" models in other signaling pathways, in addition to EGFR and FoxO3a, remains to be investigated by further research. We will further examine the role of FoxO3a in overcoming the resistance to EGFR TKI in the "on target" and "off-target" resistant models of NSCLC. It is foreseeable that more investigation in the balance between different "cores" in the signaling network, especially in EGFR signaling cascade, will be necessary to understand the mechanisms of tumorigenesis, chemoresistance and oncotherapy in NSCLC.
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